Antibody-drug conjugates (ADCs) are likely to make a significant contribution in the treatment of acute lymphoblastic leukemia (ALL) by combining the cytotoxicity of chemotherapy with the specificity of monoclonal antibodies. CD22, an endocytic receptor expressed by the majority of B cells, is an excellent target for ADCs. Inotuzumab ozogamicin (INO) is an ADC that consists of a cytotoxic moiety (derivative of calicheamicin) attached to a humanized monoclonal anti-CD22 antibody. As a single agent, INO, was shown to be effective with an objective response rate of 50% in the treatment of relapsed and refractory CD22 positive ALL patients. Clinical trials investigating the combination of INO with the conventional chemotherapies are ongoing. This review summarizes the clinical potential of INO in treatment of relapsed and refractory ALL, based on currently available data in the literature.
Introduction
Multiagent chemotherapy regimens induce complete response (CR) in 80-90% of acute lymphoblastic leukemia (ALL) patients [Kantarjian et al. 2004 ]. However, nearly half of these patients relapse eventually and absence of effective salvage regimens significantly limits patients' survival. Typically, 5-year overall survival (OS) for patients with relapsed and refractory ALL is less than 10% [Fielding et al. 2007 ]. Thus, there is a constant need to improve treatment strategies in ALL.
Leukemic cells express lineage-specific antigens which are utilized to make diagnosis and define immunologic subtypes. These surface and intracellular antigens also function as a target for novel treatment strategies with monoclonal antibodies. CD19, CD20, CD22 and CD52 are the main antigens expressed in B-ALL cases [Bene et al. 1998 ]. Among others, CD22 is one of the most commonly expressed antigens on mature and immature B cells, but not on pluripotent hematopoietic stem cells [Piccaluga et al. 2011] . It thus becomes an attractive target for immunotherapeutic approach.
CD22 is a member of a homologous family of sialic-acid-binding immunoglobulin-like lectins (siglecs), which comprise a group of receptors that are restrictedly expressed in immune cells [O'Reilly and Paulson, 2009] . Siglecs are endocytic receptors where cytotoxic agents conjugated to an antibody can bind and effectively carried into the cell without shedding into the extracellular environment [Shan and Press, 1995] . Inotuzumab ozogamicin (INO) is an antibody-drug conjugate (ADC) that consists of a derivative of calicheamicin (a potent DNAbinding cytotoxic agent) attached to an engineered humanized monoclonal immunoglobulin G4 (IgG4) antibody targeting CD22 [Ricart, 2011] . The therapeutic effect of INO has initially been shown in non-Hodgkin lymphoma (NHL) [Advani et al. 2010] . Herein, we review the properties and current clinical applications of INO in relapsed and refractory ALL.
Inotuzumab ozogamicin (INO)
Description INO consists of a semisynthetic derivative of N-acetyl ɣ-calicheamicin 1, 2-dimethyl hydrazine dichloride (NAc ɣ-calicheamicin DMH), a potent DNA-binding cytotoxic antibiotic, attached to a humanized monoclonal IgG4 antibody, G544, directed against the CD22 antigen present on B cells in all patients with mature B-ALL and most patients (>90%) with precursor B-ALL [Piccaluga et al. 2011] . Anti-CD22 monoclonal antibody without conjugated cytotoxic drug has shown to have no antitumor activity in preclinical models; instead conjugation with cytotoxic agent provided potent dose-depending cellular damage [Dijoseph et al. 2004] . IgG4 antibodies alone poorly fix complement and therefore cannot cause apoptosis via complement-mediated and antibody-dependent cytotoxicity [Advani et al. 2010] .
Calicheamicin is natural product of Micromonospora echinospora and considered to be intolerantly toxic when not bound to the antibody [Kantarjian et al. 2012b] . Calicheamicin is linked to the antibody through 4-(4-acetylphenoxy) butanoic acid (acetyl butyrate), which provides stability in physiologic pH and successful calicheamicin release inside the acidic environment of the lysosomes [Hamann et al. 2002] . INO binds to the CD22 receptor on the surface of B cells and the CD22 receptor-INO complex is internalized forming an endosome. Subsequently, the CD22 receptor-INO complex containing endosome fuses with lysosomes. This is followed by intracellular release of calicheamicin. Calicheamicin binds to the minor groove of DNA in a sequence specific manner and breaks doublestranded DNA, resulting in cell death.
Pharmacokinetics and pharmacodynamics
The maximum tolerated dose (MTD) was determined as 1.8 mg/m 2 by a first-in-human clinical trial evaluating the safety of INO in 79 relapsed and refractory NHL patients [Advani et al. 2010 ]. The following dose escalation schedules were evaluated: 0.4, 0.8, 1.34, 1.8 and 2.4 mg/m 2 intravenously (as a 1-hour infusion) once every 3 weeks in the MTD lead-in cohort (36 patients). Escalation stop criteria were met as 2 of 6 cohort patients had dose-limiting toxicities (one grade 4 neutropenia, one grade 4 thrombocytopenia) at 2.4 mg/m 2 . Thus, 1.8 mg/m 2 was established as the MTD.
Reversible thrombocytopenia is one of the main (90%) side effects of INO and it led to a number of treatment delays. Therefore, the declared MTD was evaluated in the once every 4 weeks schedule to allow platelet recovery. Dose-limiting toxicity was not observed in the six patient cohort of 1.8 mg/m 2 once every 4 weeks. As a result, this regimen was used in the extended MTD cohort.
Pharmacokinetic samples were available for INO, anti-CD22 antibody, free and total calicheamicin derivatives. The data showed that INO disposition was nonlinear with number of dose or increasing dose. Nonlinearity is seen commonly with other antibodies as well [Lobo et al. 2004] . It is due to target-mediated drug disposition, in which elimination and distribution are affected by the antibody and target cell interaction [Cao and Jusko, 2014] . Mean end of infusion peak concentrations for 2.4 mg/m 2 once every 3 weeks and 1.8 mg/m 2 once every 3 weeks could not be distinguished from each other. For the INO and total calicheamicin, increases in area under the curve extrapolated over dosing interval (AUC T ) with period and increases in AUC T with dose were observed. Anti-CD22 antibody and total calicheamicin followed a similar elimination trend and the free calicheamicin concentration remained less than 1 ng/ml over time, suggesting that the acetyl butyrate linker is noticeably stable in plasma [Advani et al. 2010] .
In humans, the mean molecular equivalents of soluble fluorophore expression of CD19 lymphocytes that were CD22-phycoerythrin-positive before and after INO infusion were reported [Advani et al. 2010] . Reductions in mean CD22 fluorescence intensity by flow cytometry were observed shortly after the first dose of INO and its intensity was even more reduced after the second dose.
Gemtuzumab ozogamicin (GO), another ADC of NAc ɣ-calicheamicin DMH, is directed against the CD33 antigen, and has been used in treatment acute myeloid leukemia (AML) [Larson et al. 2005 ]. However, drug resistance had a negative impact on the clinical outcome of patients treated with GO [Matsui et al. 2002] . It is proposed that the drug resistance was associated with P-glycoprotein (P-gp) expression. P-gp is a membrane glycoprotein that actively pumps cytotoxic agents out of the cells and reduces the intracellular concentration of the drug [Takeshita et al. 2005] . As with GO, INO was also found to be affected with the same resistance mechanism. In a study, INO had no effect on CD22-positive malignant cell lines with P-gp expression compared with parental cells [Takeshita et al. 2009 ]. In clinical samples, the toxic effect of the INO was inversely related to the amount of P-gp (p = 0.003). In contrast, the cytotoxicity of INO correlated positively with the amount of CD22 (p = 0.010).
Clinical studies with INO in relapsed and refractory ALL
Dosing schedule of INO (single dose or weekly dose) has been studied in two separate phase II clinical trials [Kantarjian et al. 2012a [Kantarjian et al. , 2013 ; most recently, the preliminary results of another weekly dosing schedule have been reported in relapsed and refractory ALL patients [Advani et al. 2014] (Table 1 ). INO and low intensity chemotherapy combination has also been shown to be tolerable and effective in the salvage setting [Jabbour et al. 2014b ].
Single agent INO
In a phase II clinical trial, INO was tested for the first time in relapsed and refractory B-ALL and it showed significant clinical activity as a single agent (Table 1) [Kantarjian et al. 2012a] . A total of 49 patients were treated with 1.8 mg/m 2 INO every 3-4 weeks. Patients received a median of 2 (range 1 to 5) INO courses. A total of 82% of the patients received ⩾2 cycles and 47% received ⩾3 cycles of INO. In all patients, CD22 was expressed in ⩾50% of blasts, and for 28 patients (57%) ⩾90% of blasts.
The overall response rate (ORR) was 57% (28 of 49 patients); of these 28 patients, nine patients had complete marrow response (CR), 14 patients had CR without platelet recovery (CRp) and five patients had CR with incomplete recovery of peripheral blood cells (CRi). Patients with nondiploid karyotype [t(4;11), Philadelphia chromosome or others] were less likely to respond compared with patients with diploid karyotype. A total of 10 of 12 (83%) patients with diploid karyotype and 18 of 37 (49%) patients other karyotype achieved a response, but this difference was not statistically significant (p = 0.08). A total of 27 patients who achieved complete morphological response were assessed for minimal residual disease (MRD) and 63% (17 of 27) of patients was found to have MRD negative status. Most responses occurred early in the course of treatment; among nine patients who achieved CR, eight of these did so after one cycle, and one patient after two cycles. Among 14 patients who achieved CR without platelet recovery, 6 (43%) did so after one cycle and 8 (57%) after three cycles. Lastly, four of five patients achieved CR with incomplete count recovery of peripheral blood counts after two cycles of treatment and one after three cycles. Median OS was 5.1 months and 7.9 months, in all patients and 28 responders, respectively. Among nine patients who achieved CR, the estimated survival at 1 year was 78%. Patients undergoing allogeneic stem-cell transplant (allo-SCT) were censored for duration of response at the time of transplant, and censored data demonstrated similar median OS (5.2 months) in 22 (45%) patients who received SCT. After allo-SCT, 23% (five of 22) of patients had clinical evidence for veno-occlusive disease (VOD). Drug-related fever and hypotension were commonly observed during the first 1-2 days of infusion. Fever was reported in 29 (59%) patients and was grade 3-4 in 9 (31%) of these patients. Grade 1-2 hypotension was reported in 12 (24%) patients and grade 3-4 hypotension was observed in only one (2%) patient. Other commonly seen adverse event was elevated liver transaminases. Grade 1-2 elevations were observed in 27 of 49 (55%) patients and only one grade 3-4 event occurred.
Based on preclinical studies suggesting that more frequent but lower dose may improve efficacy and reduce toxicities, a weekly (0.8 mg/m 2 on day 1 and 0.5 mg/m 2 on days 8 and 15 every 3 and 4 weeks) dose schedule of INO was investigated (Table 1) [Kantarjian et al. 2013] . A total of 41 patients were enrolled. Overall, 24 (59%) patients responded to weekly dose INO; 8 (20%) patients had CR, 13(32%) patients had CRp (3%) and 3 (7%) had CRi. These response rates are found to be similar to single-dose INO which is given every 3-4 weeks [Kantarjian et al. 2012a ]. Receiving INO earlier led better outcomes. Median OS for patients who received INO as salvage 1, 2 or 3 were 9.2, 4.3 and 6.6 months, respectively (p = 0.002). MRD negative disease was achieved in 17 of 24 (70%) patients who had responded to INO. In the same study, MRD negative rates with weekly or single-dose on an every 3-4 week schedule were evaluated and no statistically significant difference was observed. A total of 14 (34%) patients were able to undergo allo-SCT, and 9 of 14 (65%) was alive and in remission at the last follow up. Fever and hypotension were less common with weekly INO.
Drug-related fever within 1-2 days of infusion was seen in nine of 41 (21%) patients treated with weekly dose compared with 29 of 49 (59%) patients with the single-dose INO. Liver toxicity was also less common with weekly dose INO. Only 11 of 41 (27%) patients had elevated liver transaminases with weekly INO compared with 28 of 49 (57%) with single-dose INO. VOD was observed in only one patient amongst who underwent allo-SCT.
The preliminary results of another phase II trial were reported recently (Table 1) [Advani et al. 2014] . A total of 35 patients with relapsed and refractory CD22 + B-ALL were treated with a total dose of 1.8 mg/m 2 per cycle as starting dose followed by dose reduction to 1.6 mg/m 2 upon achievement of CR, CRp or CRi with a 28-day schedule of up to 6 courses. ORR (CR, CRi, CRp) was 66% and 78% (18 of 23) of patients with response achieved MRD negative status. Overall, median time to achieve remission and MRD negativity was 25 days. A total of 34% (12 of 35) of patients were able undergo allo-SCT, and six of these were alive and in remission at the last follow up. INO was discontinued in five patients due to adverse events and the elevated liver transaminases were the most common reason (⩾ grade 3 in two patients, 6%). The incidence of grade 3 or more transaminitis with weekly INO appears to be comparable with single dose INO schedule (2%) [Kantarjian et al. 2013 ]. However, grade 1 or 2 transaminitis is much less common with weekly dose schedule. Other relevant INO related grade ⩾3 events were as follows: thrombocytopenia (31%), neutropenia (26%) and neutropenic fever (20%).
The outcome of relapsed and refractory ALL patients who received single dose (n = 49 patients) or weekly dose (n = 41 patients) INO was compared with historical data which consisted of 292 ALL patients with similar clinical characteristics treated with conventional chemotherapy [Faderl et al. 2013 ]. The median age was 39 (4-84) and 37 (14-81) years in the INO and chemotherapy groups, respectively. The overall CR/CRi rate was 49% for INO and 29% for chemotherapy group. The CR/CRi rate for patients treated with INO or chemotherapy, as first salvage, was 66% and 40%, respectively (p = 0.007). Response rates were also superior as second salvage (44% versus 16%, p < 0.001), third salvage (46% versus 19%, p = 0.03) and forth salvage (27% and 9%, p = 0.01) therapy. The median OS appeared to be better in patients treated with INO, but it was not statistically significant except in the third salvage group; salvage 1 (9.2 months versus 6.2 months, p = 0.06), salvage 2 (4.3 months versus 2.5 months, p = 0.74), salvage 3 (6.6 months versus 2.6 months, p = 0.01) and salvage 4 (7.4 months versus 1.9 months, p = 0.09).
Combination of INO with chemotherapy
The preliminary results of the first clinical trial combining INO with nonmyelosuppressive chemotherapy have recently been reported [Jabbour et al. 2014b] . A total of 35 patients with relapsed and refractory CD22 + B-ALL received lower intensity chemotherapy, which was referred to as mini-hyper-CVD ( [Jabbour et al. 2015] . ORRs (CR, CRp, CRi) were similar with single dose or weekly schedule (57% and 61%, respectively). The presence of complex karyotype, t(4;11), t(9;22), chromosome 17 abnormality, salvage 2 or beyond, high peripheral blood absolute blast count [ABC (⩾1.0 × 10 9 /l)] and thrombocytopenia (<100 × 10 9 /l) were associated with lower probability of marrow CR achievement by univariate analysis (Table 2) . Baseline thrombocytopenia and high ABC were found to be independently associated with lower probability of marrow CR achievement by multivariate analysis. By univariate analysis, patients with complex karyotype, t(4;11), t(9;22) or chromosome 17 abnormality had a median OS of 5 months compared with 44 months for others or diploid karyotype (p < 0.001) ( Table 2) . Patients who received INO as salvage 1 had superior median OS compared with salvage 2 or later. Baseline thrombocytopenia and high ABC were also associated with worse survival. By multivariate analysis, the following clinical characteristics were found to be associated with worse survival: disease salvage 2 or beyond, adverse cytogenetics [complex karyotype, t(4;11), t(9;22), chromosome 17 abnormality] and high ABC. Each of these three clinical features has relatively similar impact on survival. Thus, an arbitrary value of 1 was assigned for each adverse feature. Patients with 3 (n = 22), 2 (n = 35), 1 (n = 25) or 0 (n = 6) adverse features had a median OS of 2.4, 7.4, 7.6 and 39 months, respectively.
Feasibility of allogeneic stem-cell transplant following INO
Currently, allo-SCT is the most effective therapeutic approach for durable disease control in relapsed and refractory ALL patients [Fielding et al. 2007 ].
The OS rate was 0-4% for patients who received chemotherapy alone, compared with 16-23% for patients who received allo-SCT [Kozlowski et al. 2012] . Use of an effective targeted antibody therapy with nonoverlapping toxicity allows more patients to undergo SCT in the salvage setting. In several clinical trials, single agent INO allowed large number (20-45%) of multiply refractory B-ALL patients to proceed with allo-SCT.
The outcomes of 26 patients who received allo-SCT following single dose or weekly INO have been reported . Patients had a median of three salvage regimens before allo-SCT. A total of 24 patients who achieved at least marrow CR underwent allo-SCT directly, whereas 2 patients who did not respond to INO received chemotherapy before starting the allo-SCT conditioning regimen. The majority of the patients (77%) received a matched related or unrelated donor transplant with myeloablative conditioning regimens (85%). A total of 15 (58%) patients had no MRD at the time of allo-SCT; five patients died on day 30 (four had organ failure, one had disease progression) and one patient died of severe graft versus host disease (GVHD) and was not assessed before his death. Median follow-up duration was 13 months and OS survival at 1 year was reported as 20%. None of the patients with MRD positive disease at the time of allo-SCT survived beyond 1 year and 42% of MRD negative patients were alive at 1 year (p = 0.04). Adverse events were within the expected range of allo-SCT related complications except liver toxicity. A total of 7 patients (27%) had grade 3-4 elevated transaminases. In this study, 5 patients (19%) had fatal liver VOD at a median 23 days post-transplant. The rates of post-SCT VOD vary widely, ranging from 0to 38% [Carreras et al. 1998 , Johnson et al. 2012 .
Historically, regimens containing total body irradiation (TBI), thiotepa combined with other alkylating agents have been associated with high VOD rates [Lee et al. 1999] . Two of five patients had received prior allo-SCT and four patients received preparative regimens containing two alkylating agents (thiotepa combined with melphalan or busulphan) regimens and three patients received TBI based regimens. Calicheamicin containing ADCs have also been shown to be associated with high incidence of VOD. However, the interval between INO administration and start of preparative regimen did not affect the risk of developing VOD (median, 36 days in non-VOD group versus 40 days in VOD group). Cumulative nonrelapse mortality (NRM) at 1 year was 60%. A total of 11 deaths were due to NRM and refractory disease accounted for 8 deaths. GVHD development does not appear to be associated with INO administration.
Conclusion
Historically, CR with conventional chemotherapy in the relapsed and refractory ALL setting has been reported in only one-third of the patients [Thomas et al. 1999; Fielding et al. 2007; Faderl et al. 2013] . In phase I/II studies, single agent INO has been shown to induce CRs in up to twothirds of the patients. Despite the high response rates and improved MRD negativity, the responses were not durable and OS was limited; 20-45% of patients treated with single agent INO were able to proceed with allo-SCT. Thus, proper adjustments of the conditioning regimens and perhaps addition of chemotherapy to INO before allo-SCT may allow longer survival. Currently, a randomized phase III clinical trial comparing single-agent INO with investigator choice of chemotherapy (FLAG: fludarabine, cytarabine, and G-CSF, HIDAC: high dose cytarabine, or cytarabine and mitoxantrone) in patients with relapsed and refractory ALL is ongoing. INO is further being evaluated in a randomized trial in patients with refractory ALL in combination with nonintensive chemotherapy in elderly patients and in patients with Philadelphia-positive ALL. Future trials assessing the role of INO in patients with positive MRD and in the frontline setting in younger patients are planned.
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